Discharge from anthropogenic sources may modify both macroalgal growth patterns and resource allocation to carbon based secondary compounds, thereby affecting their susceptibility for herbivory. We tested the effect of eutrophication in terms of nutrient enhancement on growth and phlorotannin concentration of Fucus vesiculosus by conducting manipulative experiments in the field and mesocosms. In the field experiment we utilised fish farms as nutrient sources and in the mesocosm-experiment we manipulated ambient nutrient levels and occurrence of the herbivorous isopod Idotea baltica. Vicinity of a fish farm affected neither growth nor the phlorotannin concentration of Fucus but increased the amount of epiphytes growing on Fucus. Other organisms such as epiphytic filamentous algae and periphyton, which are more capable of quickly utilizing excess nutrients, may restrain the direct effects of nutrient enhancement on Fucus. In a manipulative mesocosm experiment, neither nutrient enrichment nor occurrence of herbivores affected phlorotannin concentration implying lack of induced defences, at least in terms of increasing phlorotannin concentration. Feeding of thallus decreased the growth rate of algae, but the number of reproductive organs, receptacles, was not affected by herbivory. The negative effect of herbivory on the amount of apical tips tended to be stronger under nutrient enriched conditions. We conclude that eutrophication processes, in terms of nutrient enrichment, does not have strong direct effect on growth or phlorotannin production of F. vesiculosus. However, there may be important indirect consequences. First, herbivory may be targeted more to apical parts of the thallus under eutrophicated conditions. Second, the result that Fucus growing close to nutrient sources were smaller than those in control areas may reflect differences in mortality schedules of algae between eutrophicated and control areas.
Introduction
Eutrophication, the influx of land-originating nutrients, has altered the structure and functioning of shallow marine ecosystems. In coastal areas of the brackish water Baltic Sea, nutrient discharge from intense aquaculture has been suggested to have local negative effects on the surrounding ecosystem (Gowen and Bradbury 1987) . For example, in the littoral algal communities, excess of nutrients causes blooms of filamentous ephemeral algae (Lotze and Schramm 2000) , which are likely to influence the competitive success of perennial algal species.
A decline of bladder wrack (Fucus vesiculosus), the major perennial brown alga in the Baltic Sea, has been observed during the last few decades (Kangas et al. 1982; Kautsky et al. 1986; Vogt and Schramm 1991) . Changes in the distribution of bladder wrack have been attributed mainly to the effects of eutrophication on the ecosystem level, such as shading, competition, lack of substrata for attachment of F. vesiculosus zygotes and increased grazing pressure. However, the direct effects of eutrophication, in terms of nutrient enrichment on growth and resource allocation of F. vesiculosus are poorly known. The resource-based plant-herbivore hypotheses that explain allocation of resources within a plant, predict changes in growth and secondary chemistry with changing nutrient and light availability. Both the carbon/nutrient balance hypothesis (CNBH) and the growth/differentiation balance hypothesis (GDBH) (Bryant et al. 1983; Herms and Mattson 1992) predict plant growth to increase and the production of carbon-based secondary compounds to decrease under enhanced nutrient availability. Shading, in turn, limits photosynthesis, which is predicted to reduce both growth and the production of carbonbased secondary compounds. According to GDBH, within-plant secondary chemical composition is also predicted to change along the maturation of tissues; thus slower-growing tissues should contain higher amounts of e.g., phlorotannins.
The plant-herbivore hypotheses emphasize that photosynthetates are used not only for growth and reproduction but also for the synthesis of secondary chemicals. F. vesiculosus uses approximately 20% of the photosynthesised carbon to produce phlorotannins (Ilvessalo and Tuomi 1989) , a group of carbon-based secondary metabolites that are often but not always considered as defence against herbivores (Ragan and Glombitza 1986 ; reviewed by Targett and Arnold 1998) . In addition, these compounds may have other ecologically important roles, e.g. in protection of the plant against harmful UV-radiation (Pavia et al. 1997; V. Jormalainen et al., unpublished) or in cell-wall construction Schoenwaelder 2002; Arnold and Targett 2003) . Thus, predicted decrease of carbon allocation to phlorotannins in eutrophicated areas may be reflected in the interactions between the alga and its biotic and abiotic environments.
In addition to potential changes in secondary chemistry, eutrophication processes may further modify the quality of algae for herbivores in terms of their nutrient or sugar contents. For example, Hemmi and Jormalainen (2002) found that algae grown in nutrient enriched conditions were better food for the herbivorous isopod Idotea baltica, possibly due to changes in sugar composition. The change in algal quality was especially clear in the actively growing apical tips of the alga and, consequently, the consumption of these parts by herbivores increased. Eutrophication processes may, thus, potentially affect macroalga-grazer interaction by redirecting within-plant grazing preferences. Furthermore, algae may respond to changes in grazing pressure by inducing defences (e.g. Van Alstyne 1988; Pavia and Toth 2000) .
Here, we measured size, growth and phlorotannin concentration of F. vesiculosus in relation to eutrophication both in the field and in outdoor mesocosms. We addressed the following questions: 1) does eutrophication (fish farming in the field, nutrient enhancement in the mesocosms) influence the growth rate of F. vesiculosus; 2) does it alter the carbon allocation patterns in terms of phlorotannin concentration in F. vesiculosus; and 3) does herbivory modify the growth rate or phlorotannin concentration of F. vesiculosus and are such effects dependent on nutrient availability for the alga?
Material and methods
Study site and study organisms. The experiments were carried out in the northern Baltic Sea, SW Finland, at the Archipelago Research Institute of the University of Turku (60°14¢ N, 21°40¢ E) and nearby (within 20 km) sea area during the summer of 1998.
The bladder wrack Fucus vesiculosus L. (Phaeophyceae, Fucales) is the dominant rockweed growing on hard substrates in the study area. Fucus vegetation forms highly structured habitats maintaining a variety of other algal and animal species. Being a relatively slow-growing perennial species it is also rather vulnerable to environmental changes, such as increased epibiosis, competition with fast growing algae or high grazing pressure, possibly caused by eutrophication processes.
Field experiment
A total of six sites, representing similar wave exposures and bottom topography, were selected from the Archipelago Sea. Three of the sites were located in close proximity of a fish farm (distance <100 m) and another three acting as control sites were situated further apart ( ‡ 1000 m), outside the direct influence of a fish farm (Honkanen and Helminen 2000) . Discharge from the mesh-cageconstructed fish farms constitutes of organic nutrients, most importantly of nitrogen (N) and phosphorus (P) from fish food and faeces, and is temporally concentrated to summer months. Yearly average nutrient loadings from each fish farm chosen in the study during 1996-1998, calculated as total nitrogen and phosphorus, were 3393 and 445 kg y À1 in farm 1, 2718 and 340 kg y À1 in farm 2, and 4839 and 628 kg y À1 in farm 3, respectively. This experimental setup can be considered as a manipulative field experiment each fish farm forming a large-scale nutrient enrichment treatment, randomly located with respect F. vesiculosus zones.
We analysed the effect of the fish farms on water quality on the basis of data from statutory monitoring points, collected by the South-West Finland Environmental Centre. These monitoring data are collected repetitively throughout the year, and here we used data from 1990-1998, the assumed growing period of the algae we measured. The sampling procedure was not designed particularly for this study, or for statistical analyses of spatial differences in water chemistry, but there was a monitoring point near each of the farms (Table 1) as well as two monitoring points representing well the control sites used in this study. The monitoring points near the fish farms, however, are located further away (200-400 m) from the fish farms than the F. vesiculosus sites in this study; therefore they represent underestimations of the ambient nutrient conditions. Furthermore, concentrations of chlorophylla in plankton and periphyton are more sensitive indicators of impacts of eutrophication than water chemistry (Honkanen and Helminen 2000) .
All the sites were covered with relatively dense population of F. vesiculosus, from which 15 algal individuals were randomly collected in May, from the depth of one meter. From each of these fifteen individuals, wet-weight and maximum length was measured, and the numbers of vegetative and reproductive apical tips were counted. Further, three apical fronds of each individual were marked by plastic tags and digitally photographed. After that, each marked individual was attached to a brick and returned to the sea to its original growing depth.
At the end of the growing season, in late August-early September, the same measurements as in the spring were carried out. Growth measures were based on the increase of surface area of a randomly chosen, tagged apical tip in each branch, determined by an image analysis program from digital photographs ( Figure 1 ). Since thallus morphology may vary within rather short distances (Ruuskanen 2000) , an increase in thallus area gives a more complete description of growth than a sole length increment, which does not capture growth due to branching of the thallus. The growth measures given in results section correspond the total growth during 97 days (the mean duration between initial and final measurements). Only vegetative fronds were used to measure algal growth due to minimal growth of the reproductive fronds and their decaying during the late growing season. In addition, we sampled randomly 13-15 algae from each site to estimate abundance of epibiota attached on F. vesiculosus thallus. The same person judged the abundance of both epiphytes and epifauna on the basal part of the thallus (the apices are usually clear of epibiota) on an ordered scale from zero to five representing approximate coverage of 0, <5, 25, 50, 75 and 100%. The most abundant genera were Pilayella/ Ectocarpus, Ceramium, Cladophora and Elachista.
The epifauna included the species that are more or less permanently attached on the thallus such as Balanus improvisus, Electra crustulenta and Mytilus edulis.
Mesocosm experiments
The experiment was conducted from the beginning of June till mid September 1998 in 32 mesocosms, with a volume of 60 l each and with continuous seawater through-flow of 180 l d À1 . To enhance movement of water, one filter pump was placed in each mesocosm. The mesocosms were situated outdoors in natural light conditions. The experiment was started by assigning eight pools randomly to each of four treatments in a two-by-two factorial design: (1) control water; (2) nutrient enrichment; (3) control water + herbivory; and (4) nutrient enrichment + herbivory. Each nutrient enrichment pool received 2 g of slow-releasing fertilizer ('Substral', Henkel, Germany; nitrogen 11%, phosphorus 2% and potassium 5%) in a net bag, which were renewed with fresh fertilizer in 24 h intervals. Nutrient concentrations (mean ± SE, n = 3 in each) measured in the control and nutrient enhanced pools 12 h after the addition of fresh fertilizer were 26.6 ± 25.5 lg/l and 32.2 ± 30.7 (NO 2 , NO 3 ), 2.1 ± 0.77 and 48.9 ± 32.0 (NH 4 ) and 20.3 ± 9.5 and 51.1 ± 15.8 (PO 4 ), respectively. We added 50 individuals of the herbivorous isopod Idotea baltica (Pallas) into each herbivory treatment pool.
A total of 24 algal bushes were collected from the field and each of them was divided into 4 parts. In the following we will use the term 'genotype' to name collectively the four algal parts derived from a single genetic F. vesiculosus individual. Algal fronds were randomised into the mesocosms so that each genotype was once in each treatment group, and each mesocosm contained a different combination of genotypes. We counted the number of apical tips and receptacles in each alga at the beginning and end of the experiment. In addition, we marked and photographed one to five vegetative apical tips per branch in order to the measure Figure 1 . Typical vegetative growth of F. vesiculosus during the study period of about three months in summer 1998. The arrows point at the same coloured plastic tag which was used for marking the specific frond in May.
the length increment of the same apical tips during the experiment.
Quantification of phlorotannins of F. vesiculosus
From each of the six sites, five to seven tagged algal individuals were collected for quantification of the total content of phenolics (hereafter called phlorotannins; Ragan and Glombitza 1986) in late August 1998. Analyses were conducted both from actively growing apical, meristematic tips extending approximately 1-1.5 cm downwards, and from old ( ‡ 2 years) basal tissue. In the mesocosm experiment, phlorotannins in the apical and basal parts as well as in receptacles were analysed from the total of eight Fucus genotypes. Samples were stored in methanol (80%; analysis quality) and refrigerated until the quantification of phlorotannins. Phlorotannin concentration was determined by the Folin-Ciocalteau technique, following a modification by Nurmi et al. (1996) . Phloroglucinol was used as the standard agent.
Statistical analyses
In order to analyse the treatment effects on size and growth characteristics of the alga, we employed nested mixed-model ANOVAs. In the field experiment we treated the existence of 'fish farm' as a fixed factor and 'shore' as a random factor, nested within the 'fish farm'. The effects in the mesocosm experiment were analysed by a nested mixed-model ANOVA, 'nutrient enhancement' and 'herbivory' as the fixed factors, and 'genotype' and 'pool' (nested within the nutrient treatment and herbivory treatment) as the random factors. The denominator degrees of freedom were determined by the Satterthwaite's approximation (Littell et al. 1996) .
Among-site correlation between apical and basal phlorotannin concentration and algal growth was analysed by calculating site-specific means. Within-site phenotypic correlation between apical and basal phlorotannin concentration and growth was studied by calculating means ( ± SE) of the Pearson correlation coefficients from each site. Significance was judged on the basis of whether 95% confidence limits include zero.
Differences between apical and basal parts of the alga in the concentration of phlorotannins in the field were analysed by a nested repeated measures ANOVA, in which an individual alga formed one replicate and the apical and basal parts of the same alga were the two repeated measures. In the mesocosm experiment as well, the variation in phlorotannin concentration was analysed by a repeated measures ANOVA, the three algal parts (apical, basal and receptacles) as the repeated measures.
Effect of the vicinity of fish farms on abundance of epiphytes and epifauna on basal thallus of F. vesiculosus (abundance rank from 0 to 5) was analysed by a non-parametric Mann-Whitney U-test.
To ensure that the assumptions for ANOVA were fulfilled we tested for the homoscedasticity of variances and the normal distribution of the error variance. All the analyses were performed by using the procedures MIXED, GLM or NPAR1WAY in SAS 8.1 statistical software (SAS Institute 2000).
Results

Field study
The initial weight of Fucus vesiculosus individuals in May was significantly lower on the sites close to the fish farms than on control sites (Tables 2, 3; Figure 2 ). Within the treatments, there were no significant differences between sites ( Test statistics are shown in Table 3. ure 2). Vicinity of fish farms did not have any impact on the growth measures of F. vesiculosus fronds (Tables 2, 3) . Also, the proportion of reproductive apices did not differ significantly between the growing environments (Tables 2, 3 ). The phlorotannin concentration of the algae did not differ significantly between the sites in the vicinity of fish farms and in the control sites (near fish farms: 10.93 ± 1.36% DW, n = 19; 10.85 ± 1.83, n = 20; in control sites: 9.17 ± 1.64, n = 21; 9.34 ± 1.98, n = 20 in apical and basal parts, respectively), but differed among the sites in general (Table 4 ). There was within-plant difference in phlorotannin concentration; apical parts contained significantly less phlorotannins than the basal parts (9.24 ± 0.38% DW, n = 41; 10.87 ± 0.38%, n = 39, respectively). For the random factor, the variance estimates (Var ± SE) for the factor and residual variation together with the statistics testing their difference from zero are given, and for the fixed effect, the ordinary F statistics with the respective denominator and nominator degrees of freedom. Data are shown in Table 2 . We found no spatial covariation of phlorotannin concentration with growth measures of F. vesiculosus when correlating the site-specific means (increase in surface area vs. phlorotannins in apical or in basal parts: r = 0.24, p = 0.65, n = 6; r = À0.63, p = 0.18, n = 6, respectively). Neither were the within-site correlations between growth and phlorotannins significant (means ± SE of correlation coefficients between apical or basal phlorotannins and growth: À0.24 ± 0.16 (n = 6); 0.04 ± 0.12 (n = 6), respectively).
Control
Epiphyte load (scale from 0 to 5) was lower in control sites than in the vicinity of fish farms (Mann-Whitney U-test: p = <0.01; mean ± SE (n): 1.80 ± 0.17 (39), 2.30 ± 0.12 (40), respectively). Epifauna (scale from 0 to 5) attached on F. vesiculosus was more abundant in the control sites than in the vicinity of fish farms (Mann-Whitney U-test: p = <0.001; mean ± SE (n): 2.98 ± 0.19 (40), 2.00 ± 0.21 (40), respectively).
Mesocosm experiment
The concentration of phlorotannins differed significantly between apical, basal and reproductive parts (Table 5 ; Figure 3 ). The highest concentration was found in the basal parts and the lowest concentration in the receptacles (Figure 3 ). Neither nutrient enrichment nor herbivory had any significant effect on the concentration of phlorotannins (Table 5 ; Figure 3 ).
Nutrient enhancement had no effect on divisions or length increment of apical tips or the number of receptacles (Table 6 ; Figure 4a -c). Herbivory decreased the length increment of apical tips (Table 6; Figure 4b ) and tended to restrict the number of divisions of apical tips in the nutrient enriched mesocosms as suggested by the marginally significant herbivory * nutrient enrichment-interaction (Table 6 ; Figure 4a ). Herbivores did not affect the number of receptacles.
There were no significant correlations between the length increment of apical tips and phlorotannin concentration in apical or basal parts, or in the receptacles.
Discussion
Field experiment
We found no evidence that the vicinity of a local nutrient source affects either growth or phlorotannin concentration of Fucus vesiculosus. This observation contrasts with the simple predictions of the resource based CNB and GDB hypotheses on direct effects of nutrient and light resources. However, similar results have been reported earlier from other geographical regions. For instance, Worm et al. (2001) found no influence of nutrient enrichment on adult individuals of F. vesiculosus, and Cronin and Hay (1996) found that growth of the brown alga Dictyota increased as a response to nutrient increment only under laboratory conditions but not in the field. Ro¨nnberg et al. (1992) measured growth of F. vesiculosus in the Å land archipelago in the Baltic Sea, and concluded that fish farming as a nutrient source had no sub- stantial influence on bladder wrack growth or nutrient content.
There are a few possible explanations why increased nutrient levels do not seem to have a direct effect on bladder wrack growth or carbon allocation to secondary compounds. First, internal resource storages that are gathered during the winter period, when nutrients are excessively available but the amount of light is scarce, may enable steady growth during the period of low nutrient but high light availability (Pedersen and Borum 1996; Lehvo et al. 2001) . Usage of internal nutrient storages may therefore mask the possible effects of variation in ambient nutrient availability. Second, long-term eutrophication in coastal areas may have elevated ambient seawater nutrient concentrations to exceed the physiological requirements Table 6 . Mixed model ANOVA to test for the effects of nutrient enrichment herbivory genotype and pool on production of new apical tips length increment and production of receptacles in mesocosm experiment. of F. vesiculosus. If this would be the case, external nutrient resources would not limit growth of F. vesiculosus, and therefore no changes in growth or resource allocation patterns to nutrient enrichment should be expected. For instance, Yates and Peckol (1993) found that F. vesiculosus responded to experimental nutrient enrichment by decreased phlorotannin concentrations only under naturally low-nitrogen but not under high-nitrogen conditions. Third, other organisms in the littoral community may restrain the direct responses of F. vesiculosus to eutrophication. Several filamentous epiphytic algae that grow on macrophytes' thalli have much higher nutrient uptake rates compared to slow-growing, large perennial algae (Wallentinus 1984; Pedersen and Borum 1997) and the periphyton community is known to benefit quickly from increased ambient nutrients (Mattila and Ra¨isa¨nen 1998; Havens et al. 1999, Honkanen and Helminen 2000) . As the epiphyte load was observed to be higher near the fish farms, they may have modified the microenvironment of the bladder wrack by shading, intercepting nutrients from the water column and decreasing the diffuse boundary layer of F. vesiculosus, thus reducing oxygen and carbon exchange (Sand-Jensen et al. 1985) . This is further supported by Honkanen et al. (2002) , who found that the tissue nitrogen content was significantly lower in the vicinity of the same fish farms as used in this study. Hence, the indirect influence of rigorously growing epibiota may overcome the direct effects of increased nutrient levels on bladder wrack growth and phlorotannin concentration. Fucus vesiculosus individuals in populations growing close to the fish farms were initially smaller than in control populations. One plausible cause may be the increased load of epiphytes and epifauna that weigh down the algae and may increase breakdown of the bushes. On the other hand, smaller average size may follow from slower colonization of the eutrophicated growing sites after occasional destructions of the algal vegetation. The lower limit of Fucus vegetation typically extends no deeper than about one meter in the most eutrophicated sites but up to three meters in less eutrophicated sites (personal observation). Individuals growing close to the surface are frequently destroyed by e.g. pack ice. If the algal vegetation lacks individuals growing deeper and providing propagules to be attached to newly cleaned surfaces, then the propagules have to arrive from further away and the recovery of the vegetation might take years. Therefore we hypothesise that the whole Fucus vegetation growing at a narrow, shallow bottom close to a fish farm may become more frequently destroyed which may reflect to the size distribution of bladder wrack population.
Mesocosm experiment
The lack of main effects of nutrient enhancement in the mesocosm experiment corresponds well with the findings obtained from the field study. We suggest that the algae use their internal nutrient storages thereby being able to maintain growth independently of ambient nutrient conditions. Production of secondary chemicals may not be expected to change if the availability of nutrients for growth is high due to utilization of internally stored nutrients. The experiment was performed during the early growing season when the algae are expected to have ample nutrient resources (Carlson 1991; Lehvo et al. 2001) . Other experiments with F. vesiculosus have shown that phlorotannin concentrations decrease as a response to nutrient enhancements given that the treatment last long enough or that the thallus is kept clear of periphyton (Yates and Peckol 1993; Jormalainen et al. 2003; Hemmi et al. 2004) .
Phlorotannin concentration differed between the three algal parts studied, receptacles containing the lowest and basal parts the highest concentrations. Herbivory had no effect on phlorotannin concentrations implying lack of induced defense at least in terms of total quantity of phlorotannins. Interestingly, although receptacles had the lowest phlorotannin concentration they were not grazed by I. baltica, which further implies that the total phlorotannin concentration correlates poorly with resistance to herbivory in F. vesiculosus.
Grazing by I. baltica had a negative effect on growth of F. vesiculosus. Our results indicate that the negative effect of herbivory on the divisions of apical tips was slightly stronger under nutrient enhanced conditions. The number of replicates for this test was low and the result can therefore only be considered as a tendency, although earlier studies support our observations. For example, Hemmi and Jormalainen (2002) found that algae grown under nutrient enhanced conditions are better quality food for I. baltica. They further found that the isopods consume more algae when grown in nutrient enhanced conditions. However, other ecological constraints such as predation avoidance have led especially the females to consume the basal parts despite of their lower nutritional quality (Jormalainen et al. 2001 ). If quality of the apical parts increases more in eutrophied conditions than that of the basal parts, the females may apply a more risk-prone feeding strategy and consume the profitable apical parts of the host alga. Based on the results in this and the previous study , we suggest that eutrophication processes may change the within-plant pattern of palatability of different algal parts and increase the total amount of grazed biomass.
The role of herbivores in modifying littoral algal assemblages has been evaluated e.g. by Menge et al. (1997) and Worm et al. (2000) . They found that grazers might play a substantial role in reducing the biomass of filamentous epiphytes and thus, counteract the negative effects of eutrophication on perennial algal vegetation through selective consumption on ephemeral algae (Worm et al. 2000) . If eutrophication processes would cause changes the densities of various grazer species, it may be seen in fitness of F. vesiculosus either positively or negatively, depending on the intensity of grazing focused to either epiphytes or F. vesiculosus. Our results indicate that the isopod grazing has a negative impact on F. vesiculosus.
We conclude that nutrient discharge from fish farms probably has no direct effect on growth rate or phlorotannins of F. vesiculosus. However, the smaller size of individuals near fish farms suggests indirect consequences of eutrophication in terms of differences in mortality schedules and regeneration patterns between the fish farm shores and the shores outside the direct influence of nutrient discharge.
